Background/Aims: Flavonol (−)-epicatechin (EPI) is present in high amounts in cocoa and tea products, and has been shown to exert beneficial effects on the cardiovascular system. However, the precise mechanism of EPI on cardiomyocyte hypertrophy has not yet been determined. In this study, we examined whether EPI could inhibit cardiac hypertrophy. Methods: We utilised cultured neonatal mouse cardiomyocytes and mice for immunofluorescence, immunochemistry, qRT-PCR, and western blot analyses. Results: 1µM EPI significantly inhibited 1µM angiotensin II (Ang II)-induced increase of cardiomyocyte size, as well as the mRNA and protein levels of ANP, BNP and β-MHC in vitro. The effects of EPI were accompanied with an up-regulation of SP1 and SIRT1, and were abolished by SP1 inhibition. Up-regulation of SP1 could block Ang II-induced increase in cardiomyocyte size, as well as the mRNA and protein levels of ANP, BNP and β-MHC, and increase the protein levels of SIRT1 in vitro. Moreover, 1 mg/kg body weight/ day EPI significantly inhibited mouse cardiac hypertrophy induced by Ang II, which could be eliminated by SP1 inhibition in vivo. Conclusion: Our data indicated that EPI inhibited AngIIinduced cardiac hypertrophy by activating the SP1/SIRT1 signaling pathway.
Synthesis of SP1 Decoy and Transfection
The pN3-SP1 FL vector was provided by Dr. Guntram Suske (Institut fur Molekularbiologie und Tumourforschung, Philipps-Universitat Marburg, Marburg, Germany). The Sp1 decoy (5'-ATTACCGGGCGGGCGGGCTAC-3') and its antisense oligonucleotides (5'-GTAGCCCGCCCGCCCGGTAAT-3') were synthesised by Sangon Inc. (Shanghai, China). The Sp1 cDNA and Sp1 decoy were delivered into the neonatal mouse ventricular myocytes using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). After incubation for 24 h, the cardiomyocytes were prepared for the following stimulation experiment.
Animal Experiments
Eight-to-10-week-old C57BL/6 mice (23-27 g body weight) were supplied by the Medical Experimental Animal Center of Harbin Medical University, China. The mice were housed under standard animal room conditions (temperature 25 ± 1 °C; humidity 50-60 %) and provided with food and water ad libitum throughout the study. The animals were randomly distributed into four groups as follows: control group (control, n=6), Ang II-stimulation group (Ang II, n=6), Ang II stimulation with EPI pre-treatment group (Ang II + EPI, n=6), and Ang II stimulation with EPI + mithramycin (MTM) pre-treatment group (Ang II + EPI + MTM, n=6). One week before Ang II-stimulation, the mice received 7 days pre-treatment with 0.9 % salt solution (control group) or 1 mg/kg/day EPI (or/and 0.1 mg/kg/day MTM of body weight by intraperitoneal injection) by oral gavage as previously described [20] . After 7 days pre-treatment with a salt solution or EPI, the model of cardiac hypertrophy was established by administration of Ang II at 1 mg/ kg/day for 14 days using osmotic mini-pumps (1007D; Alza Corp., Mountain View, CA, USA), which were implanted subcutaneously in mice. After drug administration, the mice received food and water ad libitum and their hearts were collected after 14 days under anaesthesia. The heart weight/body weight (HW/BW) ratio was calculated and the heart samples were frozen and stored in liquid nitrogen.
Measurement of the Cell Surface Area
After Ang II, EPI and transfection stimulation, the cardiomyocytes were plated onto chamber slides, fixed with 4 % paraformaldehyde for 20 min and permeabilised with 0.1 % Triton X-100 in PBS, followed by blocking with 3 % BSA for 1 h at room temperature. The cardiomyocytes were incubated with monoclonal antibody against sarcomeric α-actinin (1:800 dilution, Sigma, St. Louis, MO, USA) at 4 °C overnight. Nuclear staining was performed by incubating with 4′, 6-diamidino-2-phenylindole (DAPI, Sigma, St. Louis, MO, USA) at room temperature for 10 min. Cardiomyocytes were imaged at 200× magnification using a Carl Zeiss Axio VertA1 microscope (Carl Zeiss Microimaging, Thornwood, NY, USA). The cardiomyocyte surface was determined using ImagePro Plus software (version 6.0, Media Cybernetics) and the relative surface area was read with arbitrary units (the number of pixels) to evaluate hypertrophy. The cell surface area in control cells was expressed as 1.
Quantitative Reverse Transcription-PCR (qRT-PCR)
Quantitative analysis of atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and β-myosin heavy chain (β-MHC) mRNA expression in cardiomyocytes and cardiac tissues was determined using realtime polymerase chain reaction. Total RNA was extracted from cardiomyocytes and cardiac tissues using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocols. Next, 0.5 µg of total RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) to obtain cDNA. The SYBR Green PCR Master Mix Kit (Applied Biosystems, Foster City, CA, USA) was used in qRT-PCR to quantify the RNA levels of the hypertrophic markers such as ANP, BNP and β-MHC in cardiomyocytes, with GAPDH as an internal control. The qRT-PCR was performed on 7500 FAST Real-Time PCR System (Applied Biosystems, USA) for 40 cycles. The sequences of primers used for amplification were: ANP, 5'-CTCCGATAGATCTGCCCTCTTGAA-3' and 5'-GGTACCGGAA GCTGTTGCAGCCTA-3'; BNP, 5'-TGATTCTGCTCCTGCTTTTC-3' and 5'-GT GGATTGTTCTGGAGACTG-3'; β-MHC, 5'-CAGCAGCCCAGTACCTCCGA-3' and 5'-TGTCATCAGGCACGAAGCAC-3'; GAPDH, 5'-AAGAATGGTGAAGC AGGC-3' and 5'-TCCACCACCAGTTGCTGTA-3'. Data were analysed using the comparative Ct (ΔΔCt) method for relative quantification. In this study, ΔCt was calculated as Ct (detected mRNA)-Ct (GAPDH) and ΔΔCt was calculated as ΔCt (drug treated) -ΔCt (control), where the control is the group treated with non-drugs. Following incubation with the primary antibodies and after washing, the membranes were incubated with secondary antibody (1:2000 dilution, Alexa Fluor® 700 goat antimouse IgG (H+L) or Alexa Fluor® 800 goat anti-rabbit IgG (H+L), Invitrogen) in PBS at room temperature for 1 h. Finally, the western blot bands were visualised using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and quantified using Odyssey v 1.2 software (LI-COR Biosciences, Lincoln, NE, USA) by measuring the band intensity (area × OD) in each group and normalising against GAPDH as an internal control. Each western blot experiment was repeated six times.
Histology
Following fixation in formalin (10 %), heart tissues specimens were embedded in paraffin. Crosssections along the minor axis were obtained using a microtome and then stained with Mayer's Haematoxylin and Eosin. Cardiomyocyte hypertrophy was quantified by measuring the diameter of 100 randomly sectioned (transverse) cardiomyocytes per microscopic field. Sections were imaged at 20× magnification using a Carl Zeiss microscope (Carl Zeiss Microimaging, Thornwood, NY, USA).
Statistical Analysis
All statistical analyses were performed using Prism (Graphpad) software. The data were presented as the mean ± standard error of mean (SEM) and analysed using SPSS 13.0 software. Two independent Student's t-tests and one-way ANOVA were used for difference comparisons. All statistical significance was two-tailed and the significance level was established at 0.05. A value of P < 0.05 was considered to be statistically significant.
Results

EPI Attenuates Ang II-Induced Cardiac Hypertrophy in Neonatal Mouse Cardiomyocytes
Consistent with findings obtained in previous research studies, cardiac hypertrophy could be induced by Ang II [21] [22] [23] . To investigate whether EPI could attenuate Ang IIinduced cardiac hypertrophy, neonatal mouse cardiomyocytes were treated with EPI (1 µmol/L) and/or Ang II (1 µmol/L) as described in the methods section. We observed that Ang II markedly increased the cell area of cardiomyocytes (2.81 ± 0.09 in Ang II group vs. 0.95 ± 0.05 in control group, P < 0.01) as assessed using cardiomyocyte immunofluorescence and cell surface area analysis, and EPI could reverse the effects of Ang II (1.16 ± 0.16 in cotreatment of EPI + Ang II group vs. 2.81 ± 0.09 in Ang II group, P < 0.05) ( Fig. 1 A and B) .
To further investigate the effect of EPI on cardiac hypertrophy, we examined the effect of EPI on the markers of cardiac hypertrophy. A feature of cardiac hypertrophy is reflected by increased protein contents such as atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and β-myosin heavy chain (β-MHC). Thus, we firstly investigated the effects of 1 µM Ang II on the expressed of these proteins in cardiomyocytes. Ang II induced an increase in ANP, BNP and β-MHC mRNA expression (P < 0.01 vs. control group) ( Fig. 2A-C) . In contrast, 1 µM EPI significantly attenuated Ang II-induced ANP, BNP and β-MHC expression (P < 0.05 vs. Ang II group). As shown in Fig. 2 D-F , Ang II increased the protein expression of ANP, BNP and β-MHC in cardiomyocytes (P < 0.01 vs. control group). These changes were inhibited by 1 µM EPI in the culture medium (P < 0.05 vs. Ang II group). Taken together, these results 
of SIRT1. Cardiomyocytes were incubated with 1 µM EPI for 48 h, and the expression level of SIRT1 and SP1 was determined using western blotting analysis. The expression level of SIRT1 and SP1 were significantly increased by EPI treatment at 48 h compared with the control group (Fig. 3A and B, P < 0.05). To determine the potential relationship between SP1 and SIRT1, we transiently expressed SP1 cDNA and SP1 decoy in cardiomyocytes for 48 h, and performed western blotting analyses to examine the protein levels of SP1 and SIRT1 (Fig.  3C) . These results showed that transiently expressed SP1 cDNA increased the expression of SP1 and SIRT1 protein (P < 0.05 vs. control group), and the SP1 decoy decreased the expression of SIRT1 protein (P < 0.05 vs. control group).
EPI Inhibits Ang II-Induced Cardiac Hypertrophy by Activating the SP1/SIRT1 Signaling Pathway
To confirm the effect of the SP1/SIRT1 signaling pathway on EPI inhibition of cardiac hypertrophy, we investigated the change in cardiomyocyte area induced by Ang II, EPI and SP1 decoy in vitro. As shown in Fig. 4A -B, we observed that Ang II markedly increased the cell area of cardiomyocytes (2.77 ± 0.12 in Ang II group vs. 1.00 ± 0.03 in control group, P < 0.01) using cardiomyocyte immunofluorescence and cell surface area analysis. In addition, EPI alleviated the hypertrophy of cardiomyocytes (1.20 ± 0.08 in co-treatment of EPI + Ang II group vs. 2.77 ± 0.12 in Ang II group, P < 0.05), while the SP1 decoy reversed the effects of EPI on the change in cardiomyocytes area (2.36 ± 0.09 in co-treatment of EPI + Ang II + SP1 decoy group vs. 1.20 ± 0.08 in co-treatment of EPI + Ang II group, P < 0.05).
To further investigate the effect of the SP1/SIRT1 signaling pathway on EPI inhibition of cardiac hypertrophy, we examined the markers of cardiac hypertrophy. As shown in Fig.   Fig. 3 . Effect of EPI on expression of SIRT1 and SP1. (A) Protein levels of SIRT1 as assessed using western blotting analysis in neonatal mouse cardiomyocytes exposed to control (PBS) and 1 µM EPI for 48 h. (B) Protein levels of SP1 as assessed using western blotting analysis in neonatal mouse cardiomyocytes exposed to control (PBS) and 1 µM EPI for 48 h. (C) Protein levels of SIRT1 and SP1 as assessed using western blotting analysis in neonatal mouse cardiomyocytes exposed to control, transfection of SP1 cDNA and SP1 decoy. n=6 independent experiments for each group. Data are expressed as the mean ± SEM. *P < 0.05 vs. control group.
5A-C, Ang II induced increases in ANP, BNP and β-MHC protein expression in neonatal mouse cardiomyocytes (P < 0.01 vs. control group). In contrast, EPI significantly attenuated Ang II-induced ANP, BNP and β-MHC expression (P < 0.05 vs. Ang II group). Moreover, the SP1 decoy reversed the effects of EPI on the changes in ANP, BNP and β-MHC expression (P < 0.05 vs. Ang II + EPI group). As shown in Fig. 5D , EPI significantly increased SIRT1 expression (P < 0.05 vs. Ang II group). Furthermore, SP1 decoy blocked the effects of EPI on the changes in SIRT1 expression. Taken together, these results indicated that Ang II-Induced hypertrophy 
EPI Significantly Inhibits Mouse Cardiac Hypertrophy Induced by Ang II in Vivo
To further determine the antihypertrophic role of EPI in Ang II-induced cardiac hypertrophy, we investigated the beneficial effects of EPI in vivo. As shown in Fig. 6A -B, the ratio of heart weight (HW) to body weight (BW) was increased in mice with Ang II treatment (P < 0.05 vs. control group), which was successfully inhibited by EPI pre-treatment (P < 0.05 vs. Ang II group). Moreover, mithramycin (MTM), a well-known SP1-specific inhibitor, attenuated the effect of EPI in Ang II-induced cardiac hypertrophy (P < 0.05 vs. Ang II + EPI group). H&E staining of gross heart tissue confirmed the protective effect of EPI against cardiac hypertrophy. As demonstrated in Fig. 6 A-B, cardiomyocytes exhibited compactly arranged fibres with no intercellular space under the light microscopy in the control group. In contrast, cardiomyocytes were hypertrophic and cardiac muscle fibres were severely ruptured in the Ang II group. This condition was reversed after EPI treatment. Furthermore, the protein expression level of ANP, BNP and β-MHC in mouse heart was examined after treatment with the drugs for two weeks. As shown in Fig. 7A-F , Ang II induced increases in ANP, BNP and β-MHC mRNA and protein expression (P < 0.01 vs. control group). In contrast, EPI significantly decreased Ang II-induced ANP, BNP and MHC mRNA and protein expression (P < 0.05 vs. Ang II group). Moreover, MTM attenuated the role of EPI in Ang II-induced ANP, BNP and MHC mRNA and protein expression (P < 0.05 vs. Ang II + EPI co-treatment group). Taken together, these results revealed that EPI treatment exerted antihypertrophic function via SP1 in vivo.
Discussion
In the present study, we demonstrated that EPI inhibited cardiac hypertrophy induced by Ang II in vitro and vivo. Furthermore, our results indicated that the antihypertrophic effect of EPI was mediated through activation of the SP1/SIRT1 signaling pathway. A previous study found that cardiac hypertrophy is both an intermediate step and a determinant of heart failure. This is of important significance to the discovery of cellular and molecular mechanisms as well as the signaling pathways underlying hypertrophic remodelling and the identification of potential therapeutic approaches for the treatment of heart failure.
Flavanols are plant-derived nutrients that are found in many foods, such as vegetables, fruits, tea and cocoa. A clinical trial in patients has shown that high dietary intake of flavanols enhances memory performance and neural function in the dentate gyrus of the hippocampus, a region critical for learning and memory [25] . Evidence from dietary intervention studies shows that the intake of flavanols can be beneficial for cardiovascular function. Flavanolrich chocolate acutely improved arterial function and working memory performance counteracting the effects of sleep deprivation in healthy individuals. This performance may be due to the effects of flavonoids on blood pressure and peripheral and central blood flow [26, 27] . The beneficial effects of flavanols also include improved endothelial function, antiinflammatory potency, inhibition of platelet activation, and increased vasodilatory capacity [28] . EPI is the most physiologically potent compound, and primarily accounts for the biological effects of flavanols [13] . It has been reported that EPI can reduce the mortality of CVD [29] . The protective effect of EPI may occur via a reduction in oxidative stress, and improvement of mitochondrial structure and function [15] [16] [17] . Previous studies have also revealed that EPI-rich cocoa treatment improved mitochondrial structure and enhanced cardiac and/or SkM muscle function in patients with heart failure [18] . Furthermore, some studies have indicated that the epicatechin conjugate (EGCG) can alleviate cardiomyocyte hypertrophy [30] [31] [32] . Here we examined the effects of EPI on cardiac hypertrophy. In the present study, we observed that EPI could suppress the enlargement of cardiomyocytes induced by Ang II in vitro. In addition, we found that EPI significantly decreased Ang IIinduced ANP, BNP and β-MHC expression, which are considered molecular markers of cardiomyo cyte hypertrophy. Taken together, these results indicated that EPI can prevent Ang II-induced hypertrophy. How does EPI lead to antihypertrophy? Many studies have indicated that Ang II exerts direct effects on myocardial cells, including cardiomyocyte growth, accumulation of extracellular matrix and hypertrophy [33] [34] [35] . The prohypertrophic effect of Ang II was mediated by angiotensin type 1 receptor (AT1R), which was blocked to prevent cardiac hypertrophy [36] . A previous study indicated that SIRT1 down-regulated Ang II type 1 receptor expression in vascular smooth muscle cells [24] . Furthermore, Ang II slightly upregulated the expression of SIRT1 in mouse heart. However, SIRT1 overexpression attenuated Ang IIinduced cardiac hypertrophy [37] . In our current study, we found that the level of SIRT1 protein in cardiomyocyte was increased by EPI. Moreover, EPI could increase the protein expression of SP1, which was consistent with findings obtained in a previous study on the effect of 3-methyl-epicatechin on SP1 [38] . The transcription factor SP1 belongs to a member of the SP/KLF family, which acts as a target gene transcriptional activator or repressor [39] . A previous study found that SP1 bound to the SIRT1 gene promoter and enhanced its transcriptional activity [40] . In our study, the protein levels of SIRT1 were upregulated in parallel with an increase in SP1 protein expression. These results suggest that SIRT1 may function as an important trigger for antihypertrophy of EPI via SP1. To confirm the effect of the SP1/SIRT1 signaling pathway on EPI inhibition of cardiac hypertrophy, we investigated the change in cardiomyocytes area, the expression of markers of cardiac hypertrophy and SIRT1 expression induced by EPI or/and SP1 decoy in vitro. Our results demonstrated that EPI activated SP1 and SIRT1, which is essential for the inhibition of cardiac hypertrophy.
This antihypertrophic effect and mechanism of EPI was further investigated in vivo. A previous study indicated that 1 mg/kg/day EPI of body weight by oral gavage for 10 d decreased infarct size, and reduced inflammation, reactive oxygen species generation and matrix metalloproteinase activity under conditions of ischemia-reperfusion [16] . Furthermore, 1 mg/kg/day EPI for 14 d could significantly decrease the levels of ANP and BNP in the hearts of normal mice [19] . On the basis of these results, we utilised this dose to study the protective effect of EPI on cardiac hypertrophy induced by Ang II. In the present study, we found that heart mass was increased, cardiomyocytes were hypertrophied and cardiac muscle fibres were severely ruptured in the Ang II group. In addition, markers of cardiac hypertrophy were increased. EPI could inhibit Ang II-induced hypertrophy in mice. These results were consistent with the cellular studies. Moreover, the effect was reversed after MTM treatment. Taken together, these results confirmed that EPI could inhibit Ang IIinduced cardiac hypertrophy by activating SP1 in vivo.
In conclusion, we found that EPI inhibited cardiac hypertrophy in vitro and in vivo. This study found that SP1/SIRT1 contributed to EPI-regulated cardio-protection. Thus, these findings provide evidence that EPI might become a therapeutic agent to reduce cardiac hypertrophy. Moreover, our findings may also explain the reason why EPI-rich foods have beneficial effects on heart failure.
